Abstract
INTRODUCTION
Hydrological fluctuation is a major disturbance that influences wetland ecosystems (McGowan et al. 2011; Nielsen et al. 2013; Raulings et al. 2010) . Generally, lower elevations of a wetland experience more frequent and longer periods of flooding than higher elevations, increasing the length of hypoxic conditions that wetland plants experience (De Jager 2012; Gerard et al. 2008; McGowan et al. 2011) . Hydrological fluctuation can change, e.g., soil redox status, O 2 and light availability (Casanova and Brock 2000; McGowan et al. 2011; Raulings et al. 2010) , and impact nutrient absorption and carbohydrate accumulation of wetland plants (Sasikala et al. 2008) . Therefore, hydrological fluctuation is expected to affect biomass of wetland plant communities.
Fluctuation frequency (number of cycles of water depth change within a certain period) and fluctuation range (water depth change in a fluctuation cycle) are two important components of hydrological fluctuation (De Jager 2012; Gerard et al. 2008; Nilsson and Svedmark 2002) . Increasing fluctuation frequency increases disturbance to plants, leading to increased nutrient loss and tissue damage (Bornette et al. 2008) . It also increases frequency for plants to be suddenly reexposed to ambient O 2 level, resulting in production of harmful substances such as reactive oxygen species (ROS; Blokhina et al. 2003; Luo et al. 2012; Steffens et al. 2013 ) and acetaldehyde (Boamfa et al. 2005; Tsuji et al. 2003) in plant tissues. Furthermore, re-exposure to normal light conditions may damage plant photosynthetic apparatus that is acclimated to low light conditions underwater (Osmond 1994) . Therefore, fluctuation frequency may greatly affect plant growth, and different plant species may differ in their responses to fluctuation frequency. Studies indeed have shown that high flooding frequency could decrease occurrence and abundance of disturbance-intolerant species, increase those of disturbancetolerant species and thereby alter species composition of floodplain plant communities, whereas lower flooding frequency could not (Casanova and Brock 2000; De Jager 2012) .
Larger fluctuation range subjects plants to deeper water with lower O 2 and light availability but higher CO 2 and hydrostatic pressure (Colmer and Voesenek 2009; Sorrell et al. 2012) . Although deep flooding can induce plants to reduce soluble carbohydrate consumption and to form adventitious roots and/or porous tissues to facilitate gas exchange (Bornette et al. 2008; Colmer and Voesenek 2009; Voesenek et al. 2006) , it may still strongly decrease photosynthesis, energy use efficiency, survival and/or growth of many plants compared to shallow flooding (Sorrell et al. 2012; Vervuren et al. 2003) . Furthermore, plant species may differ in their ability to respond to fluctuation range, forming zonation of wetland vegetation (Sorrell et al. 2012; Vervuren et al. 2003) . Therefore, larger fluctuation range may have stronger effects on biomass of wetland plant communities.
The diversity-productivity relationship is one of the most debated areas in ecology (Carvalho et al. 2013; Pfisterer and Schmid 2002) . While observational studies showed a bell-shaped relationship between species richness and community primary productivity (Isbell et al. 2013; Pfisterer and Schmid 2002; Tilman et al. 2012; Willig 2011) , most experimental studies have found a positive effect of species richness on productivity (Hector et al. 1999; Pfisterer and Schmid 2002; Tilman et al. 1996 Tilman et al. , 2006 . Although many studies have addressed how the diversity-productivity relationship can be altered by environmental factors such as nutrients (nitrogen and phosphorus; Hillebrand and Lehmpfuhl 2011; Isbell et al. 2013) , precipitation (Ma et al. 2010; Wu et al. 2014) , temperature (Wu et al. 2014) , soil organic carbon (Wu et al. 2014) and grazing (Isbell and Wilsey 2011) in terrestrial ecosystems and flooding (Maltchik et al. 2005 (Maltchik et al. , 2007 and mowing (Carvalho et al. 2013 ) in aquatic communities, few studies have addressed the impact of hydrological fluctuation on such a relationship in wetland ecosystems. Because wetland plants may differ in their responses and tolerance to hydrological fluctuation (Casanova 2011; Silvertown et al. 1999) and because species-richer communities may contain species more tolerant to hydrological fluctuation, we hypothesized that impacts of species richness on biomass of wetland plant communities may be changed when the communities are subjected to hydrological fluctuation.
We constructed wetland plant communities consisting of three or six wetland plant species and subjected them to hydrological fluctuation (i.e. gradually changing water level) of two frequencies and two ranges, with unchanged water level as the control. Specifically, we addressed the following questions: 
MATERIALS AND METHODS

Material preparations
For the experimental wetland plant communities, we selected six emergent wetland plant species because many emergent plant species may coexist within a small area and also because hydrological fluctuation can have a large impact on emergent plants (Grabas and Rokitnicki-Wojcik 2015) . These species were Hemarthria altissima (Poir.) Stapf et C. E. Hubb., Polygonum lapathifolium L., Pontederia cordata L., Sagittaria trifolia L., Lycopus lucidus Turcz. and Acorus calamus L. These species coexist and are widely distributed in wetlands of China (Wu and Chen 2004 
The experiment
The experiment took a randomized, complete block design with two factors: (i) species richness (low vs. high) and (ii) hydrological fluctuation. In the high richness treatment, each community consisted of all the six species and each species had two individuals at the start of the experiment. In the low richness treatment, each community consisted of three species and each species had four individuals at the start. The total number of the individuals was thus the same for all the treatments. For the low richness treatment, we randomly selected six different three-species combinations (from a total of 20 different three-species combinations) using the six species pool. The six three-species communities were (i) H. altissima, P. cordata and A. calamus, (ii) H. altissima, P. lapathifolium and L. lucidus, (iii) P. lapathifolium, S. trifolia and A. calamus, (iv) H. altissima, P. lapathifolium and P. cordata, (v) P. cordata, L. lucidus and A. calamus and (vi) H. altissima, S. trifolia and L. lucidus. The 12 individuals of each community were randomly grown in 12 predetermined planting locations in a bucket (30 cm diameter and 30 cm height) filled with 15 cm deep soil collected from the bank of the Miyun reservoir. The 12 planting locations in each bucket were arranged along two concentric circles, with four plants in the inner circle and eight in the outer. The distances between adjacent planting positions along each circle were the same. Fig. 1 ). In the control, the communities were always flooded at 60 cm deep water (from the water surface to the soil surface in the bucket) and there was no water level change. In LFSR, the flooding depth for the plant communities changed gradually from 40 to 80 cm and then from 80 to 40 cm for two times during the period of 80 days (40 days per time). In LFLR, the flooding depth changed gradually from 0 to 120 cm and then from 120 to 0 cm for two times during the 80 days (40 days per time). In HFSR, the flooding depth changed gradually from 40 to 80 cm and then from 80 to 40 cm for four times during the 80 days (20 days per time). In HFLR, the flooding depth changed gradually from 0 to 120 cm and then from 120 to 0 cm for four times during the 80 days (20 days per time).
The experiment was conducted outdoors in six black plastic tanks (150 cm in diameter and 165 cm in height) filled with tape water at the Ecological Field Station of the Miyun reservoir, and each tank represented a block. The buckets containing the plant communities were suspended in the tanks by ropes released from a steel frame placed on the top of each tank. Each tank was placed with one replicate of each of the 10 treatments (5 levels of fluctuation × 2 levels of richness), and the 10 buckets (communities) were randomly positioned within the tank. For the control, the water level was kept unchanged, and for the fluctuation treatments, the positions of buckets were changed by releasing (to increase flooding depth of the communities) or pulling up (to decrease flooding depth) the ropes. For LFSR, in each of the two fluctuation cycles, the ropes of additional 40 cm long were released when the flooding depth changed from 40 to 80 cm within the first 20 days and pulled up when it changed from 80 to 40 cm within the next 20 days. For LFLR, in each of the two fluctuation cycles, the ropes of additional 120 cm long were released when the flooding depth changed from 0 to 120 cm within the first 20 days and pulled up when it changed from 120 to 0 cm within the next 20 days. For HFSR, in each of the four fluctuation cycles, the ropes of additional 40 cm long were released when the flooding depth changed from 40 to 80 cm in the first 10 days and pulled up when it changed from 80 to 40 cm in the next 10 days. For HFLR, in each of the four fluctuation cycles, the ropes of additional 120 cm long were released when the flooding depth changed from 0 to 120 cm in the first 10 days and pulled up when it changed from 120 to 0 cm in the next 10 days.
The experiment lasted 80 days (from 9 July to 26 September 2013). The duration was long enough for these species to reach maturity (flowering) and obtained peak biomass because five out of the six species (except A. calamus) had come into blossom at the end of the experiment. The flowering period of A. calamus often lasts from June until September (Balakumbahan et al. 2010; Wu and Chen 2004) , which might be delayed by hydrological fluctuation. The daily maximum air temperature ranged between 20 and 37°C during the cultivation and experimental periods. The photosynthetically active radiation measured at water surface at noon was 800-1800 μmol photons m −2 s −1 by a Li-250A photometer (Li-Cor Biosciences, Lincoln, NE, USA). To maintain the water level in the tanks, tap water was added to compensate for the loss due to evaporation, and surplus water caused by raining was removed. All plants survived from submergence.
Data collection
At harvest, we measured height of each plant, i.e. the distance from soil surface to the top of plant. Roots and shoots of each plant were separated, dried at 70°C until constant weight and then weighed.
Data analysis
We summed up shoot mass, root mass and total biomass (root mass plus shoot mass) of all the plants in each bucket as biomass measures of each plant community. We used threeway analysis of variance (ANOVA) to test the effects of block, hydrological fluctuation (control, LFSR, LFLR, HFSR and HFLR), species richness (low and high) and hydrological fluctuation by species richness on biomass, shoot mass and root mass of the communities. In this model, block was treated as a random factor and hydrological fluctuation and species richness as fixed effects; all the 10 treatments were used. To In this analysis, the two control treatments without hydrological fluctuation were excluded because they could not be assigned to any fluctuation frequency or range. Before analyses, data of root biomass were transformed to the square root to increase normality and homogeneity of variance. We also analyzed the responses of each species to hydraulic fluctuation, and in these analyses, we only used the data from the high richness treatments because species composition of the low species richness differed among replicates of the same treatment. We used three-way ANOVA to test the effects of hydrological fluctuation, species identity (six different species), their interaction and block on biomass, shoot mass, root mass and plant height. Then, we employed fourway ANOVA to examine the effects of fluctuation frequency (low and high), fluctuation range (small and large), species identity, their interactions and block on all growth measures, and in this analysis, we excluded the control treatment without hydrological fluctuation.
RESULTS
Community-level effects of species richness and hydrological fluctuation
Results of ANOVA with the control treatments showed hydrological fluctuation significantly affected biomass and shoot mass of the wetland plant communities (Table 1) . Overall, fluctuation decreased biomass and shoot mass of the communities compared with the control ( Fig. 2A and B) but had no significant effects on root mass (Table 1 ; Fig. 2C ). Results of ANOVA without the control treatments showed that fluctuation range significantly affected biomass and shoot mass of the communities, whereas fluctuation frequency had no impacts on any biomass measures (Table 2 ). Biomass and shoot mass of the communities were higher in the low than in the high fluctuation range ( Fig. 2A and B) .
Biomass, shoot mass and root mass were or tended to (P < 0.1) be significantly higher in the high than in the low richness treatment (Tables 1 and 2; Fig. 2 ). However, there was no significant interaction effect of species richness by fluctuation (frequency or range) on any biomass measures (Tables 1 and 2 ), suggesting that hydrological fluctuation did not alter the richness effects on biomass in the experimental wetland plant communities.
Species-level effects of hydrological fluctuation
Hydrological fluctuation significantly decreased biomass and shoot mass, and tended to (P < 0.1) decrease plant height of Abbreviation: df, degrees of freedom. F values and the significance levels (***P < 0.001, **P < 0.01, # P < 0.1 and ns P ≥ 0.1) are given. the wetland plants, and such effects did not vary significantly among species (Table 3 ; Fig. 3 ). Biomass, shoot mass and root mass of these plants were significantly decreased by fluctuation range, but not by fluctuation frequency (Table 4 ; Fig. 3 ).
The effects of fluctuation range on biomass and shoot mass varied significantly among species (Table 4 ; significant effects of R × S): fluctuation range did not significantly affect biomass or shoot mass of P. lapathifolium and A. calamus (P > 0.05) but significantly decreased those of the other four species ( Fig. 3; all P < 0.05).
DISCUSSION
Both hydrological fluctuation and species richness significantly affected biomass of the experimental wetland plant communities (Table 1 ; Fig. 2 ). However, hydrological fluctuation, despite its frequency and range, did not alter the effects of species richness on biomass of the wetland plant communities (Tables 1 and 2 ; Fig. 2 ). The richness-productivity relationship could be altered by environmental factors in both terrestrial and aquatic ecosystems (Hillebrand and Lehmpfuhl 2011; Isbell et al. 2013; Maltchik et al. 2005 Maltchik et al. , 2007 . However, some studies have also found that environmental gradients such as precipitation and grazing did not change this relationship (Isbell and Wilsey 2011; Ma et al. 2010; Wu et al. 2014) . Hydrological fluctuation may have comparable effects on wetland plant communities of low and high richness (Isbell and Wilsey 2011; Ma et al. 2010; Wu et al. 2014) . As a result, hydrological fluctuation may not change the impact of niche partitioning or sampling on the productivity of wetland plant communities, thereby altering the diversity-productivity relationship. Hydrological fluctuation significantly decreased biomass of the wetland plant communities (Table 1; Fig. 2) , agreeing with previous findings (Casanova and Brock 2000; Raulings et al. 2010; Wilcox and Nichols 2008) . However, the effects of fluctuation on biomass of plant communities depended on fluctuation range, but not on fluctuation frequency (Table 2 ; Fig. 2) . The large range of fluctuation (flooding depth ranging from 0 to 120 cm) more strongly negatively affected biomass of plant communities than the small range (from 40 to 80 cm). When the level of flood water increases, compared with the small fluctuation range, the large range subjects plants to deeper submergence with lower light intensity, slower gas diffusion (such as O 2 , CO 2 and ethylene) and higher floodwater pressure (Colmer and Voesenek 2009; Jackson and Ram 2003) . These changes may restrict plant photosynthesis more strongly and injure their tissues more severely (Mommer and Visser 2005; Pedersen et al. 2010) . When the water level decreases, the large fluctuation range may completely expose plant shoots to aerobic conditions, while the small range may still allow part of shoots remaining in water. Before recovery of photosynthetic capacities, re-aeration may lead to tissue injuries by excessive formation of ROS and toxic oxidative products (Blokhina et al. 2003; Luo et al. 2012; Santosa et al. 2007) . For these reasons, the large fluctuation range decreased biomass and shoot mass of these wetland plants more strongly than the small range (Fig. 3) and further decreased biomass of the plant communities strongly (Fig. 2) . Thus, increasing fluctuation range may cause more negative effects on biomass of wetland plant communities.
However, the effects of fluctuation on biomass of wetland plant communities did not vary with the fluctuation frequency that we used (Table 2; Fig. 2 ). This result is consistent with the findings of some previous studies showing that fluctuation frequency had no significant negative effects on community biomass, species abundance and richness (Casanova and Brock 2000; Nielsen and Brock 2009; Nielsen et al. 2013) . In this study, the plant communities were exposed to aerobic conditions for two and four times, respectively, for the low and high fluctuation frequencies.
Compared to two times of fluctuation, four times of fluctuation enabled plants with a higher chance to re-contact the aerobic conditions that might benefit their growth but might also result in heavier injuries caused by ROS and acetaldehyde (Blokhina et al. 2003; Boamfa et al. 2005) . Plants might gradually acclimate to different levels of fluctuation given that they could maintain high antioxidative and detoxification efficiency to well cope with excessive formation of these toxic oxidative products in different cells and organs Abbreviation: df, degrees of freedom. F values and the significance levels (***P < 0.001, **P < 0.01, # P < 0.1 and ns P ≥ 0.1) are given. The control treatments were excluded in these analyses. (Blokhina et al. 2003; Boamfa et al. 2005; Kumari et al. 2010; Lee et al. 2008; Luo et al. 2012) .
Increasing species richness significantly increased biomass of wetland plant communities (Tables 1 and 2 ; Fig. 2 ), agreeing with previous findings (Engelhardt and Ritchie 2001; Flombaum and Sala 2008; Hector et al. 1999; Tilman et al. 2012) . Increasing species richness may increase biomass via sampling effects, i.e. higher richness is likely to harbor highly productive species (Loreau and Hector 2001) . We found that P. cordata contained relatively higher biomass compared to the other species in the constructed communities (Fig. 3) . This species existed in all high richness communities but was only randomly selected in three out of the six low richness communities. Alternatively, complementarity effects resulting from niche partitioning or facilitation may also be a reason for higher biomass of the higher richness communities Abbreviation: df, degrees of freedom. F values and the significance levels (***P < 0.001, **P < 0.01, *P < 0.05 and ns P ≥ 0.1) are given. The control treatments were excluded in these analyses. (Silvertown et al. 1999) . Former studies have demonstrated that these six wetland species can coexist in wetlands but may differ in their ability of resource utilization, such as utilization of light, CO 2 and soil nutrients (Lai et al. 2012; Wang et al. 2013; Wu and Chen 2004; Ye et al. 2014) .
We conclude that hydrological fluctuation can decrease biomass of wetland plant communities but may not alter the diversity-productivity relationship. It should be noted that our experimental wetland plant communities did not include submerged plants, which are sensitive to hydrological fluctuation (Cao et al. 2012; Deegan et al. 2007) . Because niche partitioning is usually stronger among emergent, submerged and floating plants, effects of hydrological fluctuation on the diversity-productivity relationship in wetland plant communities may differ when submerged and floating plants are included. Further studies, therefore, should consider communities consisting of emergent, submerged and floating plants to better understand the impacts of species richness and hydrological fluctuation on biomass of wetland ecosystems. 
